recently generated ER!-or ERß-deficient mice, we investigated the role of ER isotypes in DC differentiation and acquisition of effector functions. We report that estrogen-dependent activation of ER!, but not ERß, is required for normal DC development from BM precursors cultured with GM-CSF. We show that reduced numbers of DCs were generated in the absence of ER!-activation and provide evidence for a cell autonomous function of ER!-signaling in DC differentiation. ER!-deficient DCs were phenotypically and functionally distinct from wild-type DCs generated in the presence of estrogens. In response to microbial components, ER!-deficient DCs failed to upregulate MHC class II and CD86 molecules, which could account for their reduced capacity to prime naive CD4 + T lymphocytes. Although, they retained the ability to express CD40 and to produce pro-inflammatory cytokines (e.g. IL-12, IL-6) upon TLR engagement, ER!-deficient DCs were defective in their ability to secrete such cytokines in response to CD40-CD40L interactions. Combined, these results provide the first genetic evidence that ER! is the main receptor regulating estrogen-dependent DC differentiation in vitro and acquisition of their effector functions.
Introduction
Dendritic cells (DC) are the major class of antigen presenting cells (APC). They play a central role in the initiation and coordination of the innate and adaptive immune responses by integrating signals from pathogens, cytokines and T cells. DC activation can be induced by a variety of signal, such as microbial or viral products which are directly recognized by members of the Toll-like receptor (TLR) family (1) . Upon activation, DCs mature into potent APCs expressing high levels of MHC molecules and costimulatory molecules (CD80/CD86, CD40) and secrete immunomodulatory cytokines, such as IL-12, IL-6 and IL-10 that control the expansion and differentiation of naive T cells into effectors (2) (3) (4) . Although, IL-12 synthesis by DCs can be initiated by microbial signals, it requires reciprocal signaling from T cells for optimal production (5, 6) . This cellular dialogue is mainly dependent on the interactions between CD40 expressed by DCs and its ligand CD154 (CD40L) which is expressed by CD4 + T cells following TCR stimulation (7) .
DCs represent an extremely plastic and versatile cell type, which plays crucial role not only in the initiation and control of immunity and tolerance, but can also contribute to the induction of pathological situations such as autoimmune diseases (8) . Although sex-based differences in the susceptibility to autoimmune diseases are well known, the underlying mechanisms are not understood (9) . It has been shown that sex hormones, particularly estrogens may contribute to the pathogenesis of some autoimmune diseases (9) . The identification of estrogen receptors (ER) on immune cells suggested that sex steroid hormones, such as estrogens, may act directly on the immune system, modulating APC functions, lymphocyte activation and/or cytokine-gene expression. Estrogen receptors ! (ER!) and " (ERß) belong to the nuclear receptor family of transcription factors. They are encoded by two different genes Esr1 and Esr2 and account for most of the known effects of estrogens (10) . Human and mouse DCs express transcripts for both ER isotypes (11, 12) and could therefore represent a critical target for estrogens in vivo. Indeed, it has been shown that differentiation of DCs from murine bone marrow (BM) cells in the presence of GM-CSF was dramatically dependent on the presence of estrogens normally found in conventional culture medium (12). However, direct evidence for a role of ER! and/or ß-signaling in this effect was still lacking.
In this study, we have attempted to elucidate the respective role of ER! and ERß on GM-CSF-induced DC development and acquisition of effector functions, using recently generated ER-deficient mice (13) . We confirmed the requirement for estrogens to generate optimal number of fully functional DCs in vitro, and we demonstrated that E2 effect on DC differentiation was dependent on ER! but not ERß activation. The quantitative defect in DC development observed in the absence of ER!-signaling was also associated with phenotypic and functional differences, as assessed by expression of maturation markers, ability to stimulate T cell proliferation or to secrete pro-inflammatory cytokines in response to TLR-or CD40-dependent stimulations. Together these results show that E2-dependent activation of ER!, but not ERß, regulates critical steps involved in the development and acquisition of effector functions of DCs.
Materials and methods

Mice
Female C57BL/6 (B6) (H-2 b , CD45.2) mice were purchased from Centre d'Elevage R.
Janvier (Le Genest St Isle, France). ER!-deficient B6 mice (CD45.2) which have a deletion in the exon 2 of the ER-! gene (ER! -/-), ER-ß-deficient B6 mice (ERß -/-) and littermate controls on B6 background have been previously described (13) . Mice were bred and maintained in our specific pathogen-free animal facility. Protocols were approved by our institutional review board for animal experimentation.
DC generation from murine bone-marrow.
Bone-marrow derived dendritic cells (BMDC) were generated as previously described (15) . Briefly, BM cells were flushed out from femurs and tibias. After lysis of red blood cells in ammonium chloride potassium (ACK), BM cells were cultured in conventional medium or steroid-free medium containing 20 ng/ml murine GM-CSF (PeproTech, London, UK) at 2 x 10 5 cells/ml in bacteriological petri dish (Greiner Bio-One, Poitiers, France). On day 3, an equal volume of fresh medium with 20 ng/ml GM-CSF was added to the culture and on day 6, half of the medium was removed and replaced by fresh medium containing 10 ng/ml GM- 
Analysis of surface markers and cytokine production
Before staining, cells (5-10 x 10 5 ) were incubated 15 min at room temperature with blocking buffer (PBS with 1 % FCS, 3 % normal mouse serum, 3 % normal rat serum, 5 mM EDTA, 1 ‰ NaN3) containing 5 !g/ml anti-CD16/CD32 (2.4G2, ATCC). ).
Assessment of antigen-specific CD4 + T cell activation
In order to control the implication of estrogens present in standard culture medium, the pure ER antagonist, ICI 182,780 (2 x 10 -8 M) was added to the cultures at day 0, 3 and 6 ( Although our data demonstrate the obligatory role of ER! in promoting DC development, it has been previously suggested that ERß could also be implicated DC differentiation from BM precursors (12). To address this point, BMDCs were generated from ERß -/-or ERß +/+ progenitors in steroid free medium supplemented or not with E2 (10 nM).
Absence of E2 led to an impaired development of CD11c + DCs in both ERß +/+ and ERß -/-BM cell cultures that exhibited a CD11b/MHCII phenotype similar to ER! -/-DCs ( Fig. 2 A) .
Addition of E2 to the steroid-free cultures allowed ERß -/-BM progenitors to differentiate into DCs as efficiently as ERß +/+ or ER! +/+ control cells ( Fig. 2A and B) . Again, E2
supplementation of ER! -/-BM cultures could not restore normal numbers of CD11c + DCs in agreement with data in Fig. 1 . Similar results were obtained when BMDCs were generated in conventional culture medium (CM) containing regular FCS and thereby E2 (Fig. 2C ).
Altogether, these data demonstrate that estrogens are required to support efficient DC development from BM precursors in vitro through ER!, but not ERß.
Deficiency of ER! -/-BM cells to develop into DCs is a cell-autonomous feature.
As ER!-signaling has been shown to regulate cytokine production in myeloid cells in vitro (18, 19) , it was important to distinguish if the impaired DC development was caused by a cell-intrinsic defect of ER!-signaling within the DC lineage or by an indirect effect due to autocrine or paracrine factors which could regulate DC development. We examined the 
T cell stimulatory capacity of ER! -/-DCs is impaired.
Because the principal function of DC is to activate T lymphocytes, we next evaluated the ability of ER! -/-DCs to prime OVA-specific naive CD4 + T cells from DO11.10 Tg mice.
For this purpose the ER!-mutation was back-crossed to B10. DCs that develop in the absence of ER-signaling have reduced cytokine response to CD40 triggering.
Because DC effector functions are markedly dependent on T cell-derived signal (5, 6),
we assessed the effect of CD40 ligation on the cytokine response of WT or ER! -/-DCs. We showed that CD40 expression was similar between immature WT and ER! -/-DCs and was strongly upregulated in both DC populations upon stimulation with LPS or CpG (Fig. 4) . We next evaluated the capacity of DCs to respond to CD40-dependent signaling. Culturing WT DCs on a monolayer of CD40L-expressing fibroblasts, but not control cells (not shown), induced high levels of IL-6 and IL-12p40 (Fig. 6A) . In contrast, cytokine production was strongly reduced in ER! -/-DCs upon CD40 triggering (Fig. 6A) . Addition of an excess of E2 during DC development resulted in an enhanced production of IL-6 and IL-12p40 in WT but not in ER! -/-DCs (Fig. 6 B) . Similar results were obtained upon CD40L-stimulation in the presence of IFN-# (Fig. 6C) . In addition to IL-6, high levels of IL-12p70 were induced in WT DCs, but not in ER! -/-DCs. Cytokine production by DCs was blocked in the presence of anti-CD154 antibody (Fig. 6C) .
We then determined the frequency of IL-12p40-producing cells by intracellular staining of DCs stimulated with CD40L-transfected fibroblasts for 18 h. Compared with baseline staining with an isotype control mAb, 10% to 25% of WT DCs could be stained for IL-12p40 (Fig. 6D and data not shown) . By contrast the frequency of IL-12p40-producing cells was reduced by 3 to 10-fold in ER! -/-DCs ( Fig. 6D and data Finally, we evaluated whether the functional differences we observed in ER! -/-DCs were also found in DCs generated from WT progenitors in the absence of estrogens. Purified WT DCs generated in steroid-free medium supplemented or not with E2 were activated for 24 h with LPS ( Fig. 7A and B) or CD40L-transfected cells (Fig. 7 C and D) in the absence (Fig.   7 , A and C) or presence of E2 (Fig. 7 , B and D). As shown in Fig. 7A , IL-6 synthesis was strongly enhanced in LPS-stimulated ER! -/-DCs but also in WT DCs generated in the absence of E2 (E2-deprived DCs) as compared to WT DCs generated in E2-supplemented medium. When stimulated through CD40, again ER! -/-DCs and E2-deprived WT DCs had an identical phenotype and produced significantly less IL-6 as compared to E2-supplemented WT DCs (Fig. 7C) . Similar cytokine profiles were observed when DC stimulations were performed in E2-supplemented medium (Fig. 7, B and D) . Thus, the presence of the hormone at the time of TLR-or CD40-mediated stimulation had little if any effect on cytokine production by DCs. These results are consistent with an E2 action, through ER!, on precursor cells during DC development rather than on already differentiated cells.
Discussion
In the present study, we confirm that estrogens are critical to support normal DC Douin-Echinard et al. Figure 7 
